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Ctenophores have traditionally been treated as eumetazoans, but some recent whole genome studies have revived
the idea that they are, rather, the sister group to all other metazoans. This deep branching position implies either
that nervous systems have evolved twice, in Ctenophora and in Eumetazoa, or that an ancestral metazoan nervous
system has been lost in sponges and placozoans. We caution, however, that phylogenetic-tree construction artifacts
may have placed ctenophores too deep in the metazoan tree. We discuss nervous system origins under these
alternative phylogenies and in light of comparative data of ctenophore and eumetazoan nervous systems. We argue
that characters like neuropeptide signaling, ciliary photoreceptors, gap junctions and presynaptic molecules are
consistent with a shared ancestry of nervous systems. However, if ctenophores are the sister group to all other
metazoans, this ancestral nervous system was likely very simple. Further studies are needed to resolve the deep
phylogeny of metazoans and to have a better understanding of the early steps of nervous system evolution.
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Ctenophores (also known as comb jellies or sea goose-
berries) are free-living marine organisms. They represent
a non-bilaterian lineage of Metazoa (besides cnidarians,
sponges, and placozoans) of particular importance for
understanding early animal evolution. Most ctenophores
look like ghostly, transparent jellies with eight comb
rows of iridescent, compound cilia used in swimming,
and many have long, retractile tentacles with a comb
row of side branches (Figure 1). The side branches of
the tentacles are covered with colloblasts; cells which
contain vesicles with a sticky substance used in captur-
ing prey organisms, such as copepods. The rather famil-
iar ‘sea gooseberries’ (Pleurobrachia) probably represent
an ancestral type, which is pelagic and shows almost the
same morphology in both the adult and in the newly
hatched cydippid stage. All described ctenophore species
hatch as a cydippid stage (except the highly specialized
Beroe, which lacks tentacles in all stages) but adults of* Correspondence: gaspar.jekely@tuebingen.mpg.de; cnielsen@snm.ku.dk
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One line of morphological specialization in adult cte-
nophores involves enlargement of the oral lobes and
gradual loss of the tentacles, as seen in Mnemiopsis. A
number of open-ocean species have very large oral lips
and only small comb rows and are extremely fragile.
Beroe lacks tentacles and feeds on other ctenophores or
medusae, which may be swallowed whole. Beroe also has
the remarkable ability to ‘bite’ into jellies with their
macrociliary ‘teeth’. A specialized group has a flattened
benthic adult stage that crawls on the ciliated exten-
ded lips of the wide mouth and extends the tentacles
through small funnels formed by lateral folds of the
mouth; this group lacks the hallmark comb rows. Some
of these species are brightly colored and are found living
on other animals, such as corals or sea stars. Newly
hatched juveniles produce sperm and a number of small
eggs, which develop into normal juveniles. After a period
of growth, the small individuals become sexually mature
again and produce numerous larger eggs.
Unlike sponges, ctenophores have a gut with digestive
enzymes lined with an epithelium, a complex nervous
system and a complicated system of muscles [1]. TheThis is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
Figure 1 Ctenophore diversity. A, Pleurobrachia bachei (D Kent); B, Mnemiopsis leidyi (K Brandt); C, Beroe gracilis with Pleurobrachia pileus in the
stomach (C Marneff); D, Thalassocalyce inconstans (L Madin); E, Coeloplana astericola (yellow-brown with thin, branched tentacles) on the red
sea-star Echinaster luzonicus (D Fugitt). Reproduced with permission from D Kent, K Brandt, C Marneff, L Madin and D Fugitt.
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lial and a mesogleal nerve net and two parallel nerve
cords in the tentacles [1]. They have sophisticated sen-
sory cells, including putative photo-, mechano- and
gravi-receptors [2,3]. The nervous system controls the
activity of cilia, bioluminescent flashes and muscular
contractions [3,4]. Ctenophores use ciliary comb rows
for locomotion and the beating frequency and the ar-
rests of the cilia are controlled by dedicated neuronal
systems [3]. The cydippid Euplokamis has giant axons
that run longitudinally along the eight comb rows and
control fast backward and forward escape responses [5].
Ctenophores have been classified as eumetazoans,
often as the sister group of the cnidarians, but also as
the sister group of the bilaterians. Two recent whole-
genome analyses of the ctenophores Mnemiopsis leidyi
[6] and Pleurobrachia bachei [7] have indicated, how-
ever, that the ctenophores do not belong to the Eumetazoa
but are instead the sister group to all other metazoans, a
position more typically occupied by the sponges. The
placement of ctenophores as a sister to all other meta-
zoans was supported by earlier phylogenetic studies
[8-12], while other work indicated sponges as the sister
lineage to all other metazoans [13-16]. The recent analyses
of ctenophore genomes also support the non-canonical
phylogeny based on the absence from ctenophores of keyeumetazoan characters, such as Hox genes and micro-
RNAs. If this phylogeny is correct, then nerves and mus-
cles must either have evolved independently in Ctenophora
and Eumetazoa (for simplicity, referring to Cnidaria plus
Bilateria throughout the paper), or these systems evolved
in the metazoan ancestor and have been lost in sponges
and placozoans, lineages without any trace of synaptically
connected nerve cells. Alternatively, ctenophores may be a
sister group to cnidarians or to bilaterians or to eumetazo-
ans, and their placement outside the eumetazoans may be
due to artifacts affecting phylogenetic reconstruction
(Figure 2).
The phylogenetic position of Placozoa is also unstable.
Some previous studies using mitochondrial markers
[17,18] pointed to an early split of Trichoplax within a
monophyletic Diploblastica clade (Porifera, Placozoa,
Ctenophora and Cnidaria). However, recent larger data-
sets dismissed the monophyly of diploblasts and have
placed placozoans in different branches, although never
as first-splitting metazoan. These positions include Tri-
choplax as sister to cnidarians [6,7,12,19], sister to bila-
terians [14], or sister to cnidarians, ctenophores and
bilaterians [16,20].
Here we highlight potential technical problems related
to the placement of ctenophores in the metazoan tree
and discuss scenarios of nervous system evolution under
Figure 2 Four scenarios for the origins of nervous systems. Four scenarios for the origins of nervous systems in the Animal Kingdom
depending on the homology of their components and the phylogenetic position of ctenophores. If nervous systems are homologous across
metazoans, and if ctenophores are the earliest-diverging animals, then nervous systems were lost in sponges and placozoans. In contrast, if
nervous systems are not homologous across animals then they arose more than once, a result that is not made more or less likely by any of the
possible placements for ctenophores. Vignettes from phylopic.org and C Nielsen.
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studying sponges and placozoans can contribute to our
understanding of nervous system evolution.
Review
The uncertain phylogenetic position of Ctenophora
While several phylogenomic analyses [6,7,11,12] support
the position of ctenophores as the sister lineage to all
other animals, other works considered this branching
contentious in light of methodological issues. One of the
main concerns is long-branch attraction (LBA), a well-
known artifact in phylogenetic tree reconstruction that
incorrectly places fast-evolving branches close to the
root of the tree. Other factors often associated with phylo-
genetic errors are the use of too divergent out-groups,
high levels of missing data (‘gaps’ due to incomplete se-
quencing), contamination and poor taxon sampling. Some
of these methodological issues have previously been
highlighted as potentially affecting the placement of
ctenophores [13-16,20], and each of these issues needs to
be tackled with different strategies.
To alleviate these problems, both genome papers used
different-sized alignments with different species sampling,and a variety of analytical methods [6,7]. The use of dis-
tant out-groups has been shown to increase the LBA ef-
fects in different studies, and in the specific case of
metazoans they reduce the supports for the early splitting
branches on the animal phylogeny [13,15,16]. Both gen-
omic studies on ctenophores compare the effect of using
out-groups with different taxonomic compositions. Not
surprisingly, different phylogenomic analyses produce
contradicting results. In both studies, when more meta-
zoan taxa are included using expressed sequence tag
(EST) data, most of the analyses show reduced support for
the ‘ctenophores first’ topology; in the case of Ryan et al.
[6], the Bayesian analyses of the EST dataset removing dis-
tant out-groups supports the topology of ‘sponges first’.
Some of the Bayesian analyses performed by Ryan et al.
[6] did not complete (converge) even after months of
computer run time, hence their results must be consid-
ered unreliable. Remarkably, some of the authors per-
formed further analyses despite their huge computational
cost [21]. In these, the exclusion of problematic taxa from
the original EST matrix resulted in the analyses eventually
converging; these trees suggested that sponges diverged
first, if less distant out-groups were used. Overall, it seems
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problems (a greater representation of ctenophore species,
exclusion of problematic taxa and use of closer out-
groups), the trees tend to support the ‘sponges first’ view
of animal phylogeny, suggesting that the alternative solu-
tion is caused by a phylogenetic artifact.
The age of the last common ancestor (LCA) of the ex-
tant ctenophores may be partially responsible for the
problems of placing them in the metazoan tree. The low
variability of 18S in ctenophores suggests that their LCA
was more modern than those of other animal phyla, per-
haps as recent as the Cretaceous-Tertiary (K-T) bound-
ary (66 Mya [22]). This modern LCA is indicated by a
long branch leading from the other animals to the
ctenophore LCA. Groups with such long stems are more
difficult to place in phylogenies as there is no informa-
tion regarding the appearance of homoplasy along this
branch, causing what could be called a LCA-LBA effect.
There is also little hope that wider ctenophore taxon
sampling will break this long branch, as was the case for
nematodes or acoels [23-25], since the range of cteno-
phores sampled in the two genome studies already cap-
tures the known diversity of the group.
The use of alternative phylogenetic markers (such as
rare genomic changes [26]) can also be explored in order
to escape the statistical traps of phylogenetic artifacts.
Ryan et al. [6] presented a tree based on gene-content
analysis. This tree supports the ‘ctenophores first’ top-
ology, however, such analyses can be strongly distorted
by extensive gene loss or divergent genomes [27]. Tell-
ingly, the genome-content tree places Ciona artificially
deep in the tree, as a sister to all deuterostomes rather
than as sister group to the vertebrates. Mnemiopsis has
undergone a similar magnitude of gene loss as Ciona
(Figure S9 in Ryan et al. [6]), and this may also have af-
fected its placement in the gene-content tree.
To use the absence of particular classes of genes, such
as Hox genes and microRNAs, as phylogenetic evidence
of ctenophores being the sister group to all other meta-
zoans is also problematic, given that it is difficult to dis-
tinguish loss from primitive absence. Hox genes may
have been lost from sponges [28], and the loss of micro-
RNAs is not uncommon [29,30] Both ctenophores and
placozoans lack microRNAs and essential components
of the microRNA processing machinery (Drosha and
Pasha are absent from Mnemiopsis, Pasha is absent
from Trichoplax). However, the full processing machin-
ery and microRNAs are present in sponges [31,32], in-
dicating that the absence of the microRNA pathway is
due to secondary loss, at least in placozoans. These
data indicate that some of the ‘rare genomic changes’
may not be rare enough, and one should exercise ex-
treme caution when using such characters for phylo-
genetic inference [29].Overall, determining the precise branching order of
non-bilaterian groups will have to overcome these con-
founding factors, such as LBA and the effects of out-
group and in-group sampling. The existence of a hypo-
thetic LCA-LBA effect should also be explored. More
robust and rarer genomic changes (such as derived gene
fusions or insertions) may also be identified upon fur-
ther sampling and in-depth analyses. Further work is
needed before we can feel comfortable with any single
proposed arrangement of the early animal lineages.
Comparisons of the ctenophore and eumetazoan nervous
systems
The comparison of the molecular and cellular character-
istics of the ctenophore and eumetazoan nervous sys-
tems can inform us about their common or independent
origins. The two ctenophore genome papers provide a
wealth of new sequence information to consider [6,7].
Moroz et al. [7] make a strong case for the independ-
ent origin of the ctenophore nervous system. One obser-
vation they put forward in support of this idea is the
apparent absence of neurotransmitter receptors and sev-
eral classic neurotransmitters, such as serotonin and
acetylcholine, and of neuronal marker genes from Pleur-
obrachia. We suggest that these observations need to be
considered with some caution for two reasons. First,
some of the genes are not expected to be present in
ctenophores because they are known to be bilaterian-
specific (neurogenin and neuroD [33]). Second, some
genes and transmitters may be there in other cteno-
phores, but are absent from Pleurobrachia; at least some
neurotransmitters have been shown to have a patchy dis-
tribution within the ctenophores, including acetylcholine
and adrenaline. Pharmacological studies found evidence
for a role of these transmitters in the control of lumines-
cence in some ctenophores [34]. The presence of acetyl-
cholinesterase in the M. leidyi genome also indicates
that acetylcholine may be present in this species [6].
These observations suggest that the absence of at least
some neuronal genes and neurotransmitters from cteno-
phores may be due to secondary loss rather than primi-
tive absence.
It is to be noted, however, that the presence of neuro-
transmitter pathways and ‘neuronal’ genes does not ne-
cessarily indicate the presence of a nervous system, since
both sponges and placozoans contain several such genes,
including enzymes in the pathways for making sero-
tonin, dopamine (sponges [35,36]) or noradrenaline and
adrenaline (Trichoplax [19,37]). Sponges and ctenophores
share the use of glutamate as a signaling molecule with
other metazoans, and in sponges gamma-aminobutyric
acid (GABA) receptors are present and work antagonistic-
ally to glutamate [38], which differs from Pleurobrachia
[7]. Ionotropic glutamate receptor genes have also been
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their numbers have greatly expanded in ctenophores [7].
Ctenophores also contain several putative neuropep-
tide precursors [7] and large numbers of G-protein-
coupled receptors (GPCRs), suggesting the existence of a
complex peptidergic signaling repertoire. Neuropeptides
have not yet been found in sponges, but are present in
all other metazoans, including the placozoan Trichoplax
[39,40]. The reported ctenophore neuropeptide precur-
sors show no homology to any known metazoan neuro-
peptide family, suggesting at first that they developed
independently in ctenophores. However, the cross-phylum
conservation of neuropeptides is often limited to a few
residues, and cnidarians, placozoans and bilaterians
have few recognizably orthologous peptides [39,40]. The
lineage-specific alteration of several neuropeptides beyond
the limits for recognition of homology has also been ob-
served in bilaterians (for example, flatworms [41]). The
lack of similarity of ctenophore and other metazoan pep-
tides may be due to the long period of time since those ge-
nomes diverged and the relatively high (but not extreme)
rate of protein sequence evolution (comparable to Dros-
ophila) in ctenophores (Tables S12 and S13 in Ryan et al.
[6]). More detailed studies of ctenophore neuropeptides
(including mass-spectrometric analyses and receptor iden-
tification) will be needed to understand their evolution.
Even if neuropeptides and their receptors are homolo-
gous, their presence is not sufficient evidence for ner-
vous system homology since Trichoplax, an animal that
lacks a morphologically recognizable nervous system,
also possesses these molecules. What may be the func-
tion of neuropeptides in placozoans? A recent detailed
morphological study of Trichoplax described neurose-
cretory gland cells containing neuropeptides but lacking
classical synapses [42]. These gland cells also have a
cilium and are putatively sensory, reminiscent of non-
synaptic sensory-neurosecretory cells described in some
eumetazoans [43]. The sensory stimulation of such cells
is thought to lead to neuropeptide release that may
affect surrounding cells in a paracrine fashion [42,43].
Reconstructing the history of these cell types will further
our understanding of the ancestral states of (pre)neural
systems. Importantly, as the example of Trichoplax illus-
trates [42], the correct interpretation of comparative
genomic data will also require sound morphological and
functional studies.
The discovery of a family of putative peptide-gated ion
channels in ctenophores also presents a very interesting
avenue of future research. The Pleurobrachia genome
encodes many DEG/ENaC channels (referred to in Moroz
et al. [7] as ASICs, a name reserved for a chordate-
specific subfamily of DEG/ENaC channels), a family of ion
channels ancestrally gated by neuropeptides [44]. Al-
though DEG/ENaC channels can have diverse gatingmechanisms, including gating by protons, as in the ASICs,
they can mediate fast peptidergic neurotransmission in
cnidarians and some bilaterians [44-46]. If some of the
ctenophore DEG/ENaC channels turn out to be peptide
receptors, this would indicate the presence of fast pepti-
dergic neurotransmission in the common ancestor of
ctenophores and other metazoans. It will also be interest-
ing to see whether placozoan DEG/ENaC channels are
used for fast peptidergic transmission in this organism. If
this is the case, then the presence of fast neurotrans-
mission in an organism need not necessarily imply the
presence of a morphologically recognizable, structurally
complex nervous system.
One key feature of a nervous system that distinguishes
it from an assembly of neurosecretory cells communicat-
ing in a paracrine fashion is the presence of electrical
and chemical synapses that allow fast and direct commu-
nication between connected neurons. The ctenophore
genome studies have revealed the presence of specific
components of the pre-synapse, notably including five
proteins that form the core of active zones in eumetazoan
synapses, including the Rab3-RIM-Munc13 complex,
ELKS and liprin-alpha proteins [47]. The presence of these
molecules suggests that chemical synapses were already
present in the last common ancestor of ctenophores
and eumetazoans. However, Munc13 and liprin-alpha
orthologs ([GenBank: XP_002110349] and [GenBank:
XP_002108580], respectively) are also present in Tricho-
plax, an organism that supposedly lacks active zones, cau-
tioning again that it is very difficult to pinpoint any
specific component that defines a nervous system.
Additionally, the ctenophore nervous system expresses
a large diversity of innexins [7], proteins that form gap
junctions in most bilaterian invertebrates and cnidarians
[48], but are absent from sponges and placozoans [49].
The high diversity and neuronal expression of innexins
in ctenophores and other metazoans is suggestive of the
presence of electrical synaptic communication between
neurons in their last common ancestor. One has to cau-
tion, however, that gap junctions are also involved in the
exchange of chemicals between cells [50] and have de-
velopmental roles [51], showing that their presence
alone does not prove the presence of electrical synapses
between neurons. Moreover, innexins and gap junctions
can be lost completely, as from Nematostella, other an-
thozoans and scyphozoans [48], indicating that their
presence or absence is not a reliable phylogenetic mar-
ker either.
Future studies at the level of neural cell types promise
to reveal more about the structural complexity of the
nervous system at deep nodes of the metazoan tree. Be-
sides neurosecretory cells, ctenophore sensory systems
may also show homologies to the eumetazoan nervous
system at the level of neuron types. For example, unlike
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metazoans, ctenophores contain opsins [52]. The cteno-
phore apical organ harbors morphologically distinct cil-
iary photoreceptors [2], and the genome encodes
components of the full ciliary phototransduction cascade
[52], suggesting further similarities of ctenophores to
cnidarians and bilaterians in their sensory physiology. A
recent phylogenetic study showed that the ctenophore
opsins group together with either the ciliary or the Go-
coupled opsin family [53], members of which are com-
monly associated with ciliary photoreceptors [54,55].
Ciliary photoreceptors may thus represent a sensory
neuron type shared by ctenophore and eumetazoan ner-
vous systems.
What do these similarities tell us about the origin of
nervous systems? Overall, the detailed molecular and
cellular similarities are compatible with the single origin
of the ctenophore and eumetazoan nervous systems
[47,56]. However, given that there are very few shared
characters that are nervous-system specific and are ab-
sent from sponges and placozoans, the independent ori-
gin of complex nervous systems from a simple precursor
state in the common metazoan ancestor cannot be ruled
out. Further comparative studies will be needed to assess
the conservation, or lack thereof, of developmental
mechanisms and the neuronal cell-type complexity in
their common ancestor. For example, it would be inter-
esting to test using knockout or knockdown approaches
whether the neuronally expressed SoxB gene also has an
essential role in nervous system development in cteno-
phores, as recently shown for the cnidarian Nematostella
vectensis [57]. It would also be interesting to analyze the
expression in ctenophores of conserved apical-organ-
specific genes recently identified in Nematostella [58].
The detailed comparison of the rich repertoire of sen-
sory cell types in ctenophores [3] and eumetazoan sen-
sory neurons also represents an interesting subject for
future research. The identification of sensory receptors
(such as mechano- and thermo-sensory channels) in
ctenophores and comparisons to other non-bilaterians
and bilaterians may reveal other conserved sensory re-
ceptor classes, besides the opsins.
The influence of phylogeny on origin scenarios
Although homology of complex biological traits can be
assessed without knowing the exact phylogeny, based on
statistical principles (well established for molecular se-
quences, more difficult for complex cellular and organis-
mic data such as gene expression patterns), clarifying the
deep branching order of metazoans will undoubtedly help
to resolve the problems surrounding the origin of nervous
systems. If ctenophores do turn out to belong to the
eumetazoans, the homology of nervous systems will also
gain phylogenetic support. If, however, ctenophores aresister to the rest of metazoans, this implies that sponges
and placozoans have lost the nervous system, or that ner-
vous systems evolved independently in ctenophores and
eumetazoans. We now consider these two possibilities.
The likelihood of the loss of a nervous system has to
be judged relative to the complexity of the starting con-
dition. If the metazoan common ancestor had a com-
plex, highly integrated nervous system with several
sensory cell types and motor responses, we think that
the loss of such a system twice independently (in sponges
and placozoans) is highly improbable. There are only two
examples of the complete loss of the nervous system in
Metazoa, both in parasites. The extremely reduced para-
sitic myxozoan cnidarians lack any trace of a nervous sys-
tem [59] and the rhizocephalan cirripede crustaceans also
lack a nervous system in the adult stage. In this latter in-
stance, however, the free-living larval stage has a normal
crustacean central nervous system [60].
In the case of myxozoans and rhizocephalans, nervous
system loss was due to an extreme life history evolution,
for which there is no evidence in sponges and placozo-
ans. Quite to the contrary, both sponges and placozoans
have at least one life cycle stage with active ciliary loco-
motion and have developed systems for coordinating cil-
iary activity and body movements. The free-swimming
ciliated larvae of several sponges perform helical photo-
taxis, using a specialized ring of pigment-covered light-
sensory cells [61]. This active behavior is performed
more efficiently using neuronal systems in several eume-
tazoan larvae, yet there is no trace of neuronal connec-
tions in the sponge larva [62,63]. Furthermore, in the
case where more rapid signaling occurs, for example in
the glass sponges (Hexactinellida), a different system of
epithelial conduction is used, involving syncytial tissues
and propagated calcium potentials [64-66]. Studies on
the sponge Ephydatia muelleri have shown its ability to
sense and react to environmental stimuli [67]. Under the
loss of nervous system scenario such systems for rapid
signaling, sensing and reaction would have evolved de
novo, following the loss of a preexisting system for rapid
signaling. Trichoplax is also free-living, with active ciliary
locomotion and a ventral ciliated surface that functions as
a gut with extracellular digestion [68]. Trichoplax has sen-
sory cells [42] and responds to food cues by altering its
locomotion pattern [69].
Overall, the complete loss of a preexisting complex
nervous system in two free-living lineages, the sponges
and placozoans, both of which display active ciliary loco-
motion in at least one life cycle stage and possess sensory
systems, appears improbable. If, however, the metazoan
common ancestor had only a few protoneuron types,
representing the precursors to advanced nervous systems,
a scenario of simplification in sponges and placozoans
and independent complexification in ctenophores and
Jékely et al. EvoDevo 2015, 6:1 Page 7 of 8
http://www.evodevojournal.com/content/6/1/1eumetazoans becomes tenable. Many cell types have
been lost in evolution, including the follicle cells in
leeches, colloblasts in Beroe, odontoblasts in birds and
shell-secreting cells of nudibranchs. Similarly, a system
of a few protoneuron types may have been lost or re-
duced in sponges and placozoans. Under such a sce-
nario the large number of neuronal genes expressed in
some Trichoplax cell types, including putative sensory-
neurosecretory cells [19,37], may represent the rem-
nants of a proto-nervous system. Ctenophores and
eumetazoans may then have evolved a complex nervous
system independently, from the same precursor system,
including protoneurons already able to communicate via a
mixture of peptidergic, synaptic and electric signaling.
Conclusions
We discussed available data on metazoan nervous systems
in light of conflicting phylogenies. The phylogenetic
position of the Ctenophora is still uncertain, and further
analyses with better models, fuller taxon sampling or alter-
native markers will be needed to settle the question. We
emphasized the methodological problems with the place-
ment of ctenophores, arguing that the available data do
not strongly challenge the traditional view of sponges oc-
cupying a position as a sister group of the remaining
eumetazoans. This phylogeny is compatible with the single
origin and stepwise evolution of nervous systems within
the Neuralia [70]. If, however, future studies will provide
better support for the ‘ctenophores first’ phylogeny, we
favor the view of an independent complexification of ner-
vous systems from a simple precursor state. Under this
scenario the origin of nervous systems seems to be similar
to the origin of complex visual eyes across Bilateria, with
possibly very humble beginnings of homologous constitu-
ent photoreceptors and pigment cells evolving independ-
ently into complex eyes [71].
Abbreviations
ASIC: Acid-sensing ion channel; DEG/ENaC: Degerin/ epithelial Na + channel;
EST: expressed sequence tag; GABA: Gamma-aminobutyric acid; GPCR:
G-protein-coupled receptor; LCA: Last common ancestor; LBA: Long branch
attraction; LCA-LBA: Last common ancestor-long branch attraction.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
GJ, JP and CN developed and discussed the ideas and wrote the paper.
All authors read and approved the final manuscript.
Acknowledgements
We are most indebted to Sally Leys (University of Alberta) for her contributions
to the first version of this manuscript. We further acknowledge the very
constructive criticism of Casey Dunn (Brown University) and a number of
anonymous reviewers, and the good suggestions from Max Telford (University
College London), Elizabeth Williams (Max Planck Institute for Developmental
Biology) and Peter Godfrey-Smith (City University of New York). The research
leading to these results received funding to GJ from the European Research
Council under the European Union’s Seventh Framework Programme
((FP7/2007-2013)/European Research Council Grant Agreement 260821).Author details
1Max Planck Institute for Developmental Biology, Spemannstrasse 35, 72076
Tübingen, Germany. 2Department of Zoology, University of Oxford, South
Parks Rd, Oxford, OX13PS, UK. 3The Natural History Museum of Denmark,
University of Copenhagen, Universitetsparken 15, DK-2100 Copenhagen,
Denmark.
Received: 10 November 2014 Accepted: 17 December 2014
Published: 13 January 2015
References
1. Jager M, Chiori R, Alié A, Dayraud C, Quéinnec E, Manuel M. New insights
on ctenophore neural anatomy: immunofluorescence study in Pleurobrachia
pileus (Müller, 1776). J Exp Zool (Mol Dev Evol). 2011;316B:171–87.
2. Horridge GA. Presumed photoreceptive cilia in a ctenophore. Quart J
Microsc Sci. 1964;105:311–7.
3. Tamm SL. Cilia and the life of ctenophores. Invertebr Biol. 2014;133:1–46.
4. Horridge GA, Mackay B. Neurociliary synapses in Pleurobrachia (Ctenophora).
Quart J Microsc Sci. 1964;105:163–74.
5. Mackie GO, Mills CE, Singla CL. Giant axons and escape swimming in
Euplokamis dunlapae (Ctenophora: Cydippidea). Biol Bull Woods Hole.
1992;182:248–56.
6. Ryan JF, Pang K, Schnitzler CE, Nguyen A-D, Moreland RT, Simmons DK,
et al. The genome of the ctenophore Mnemiopsis leidyi and its implications
for cell type evolution. Science. 2013;342:1242592.
7. Moroz LL, Kocot KM, Citarella MR, Dosung S, Norekian TP, Povolotskaya IS,
et al. The ctenophore genome and the evolutionary origins of neural
systems. Nature. 2014;510:109–14.
8. Wainright PO, Hinkle G, Sogin ML, Stickel SK. Monophyletic origins of the
Metazoa: an evolutionary link with the Fungi. Science. 1993;260:340–2.
9. Abouheif E, Zardoya R, Meyer A. Limitations of metazoan 18S rRNA
sequence data: Implications for reconstructing a phylogeny of the animal
kingdom and inferring the reality of the Cambrian explosion. J Mol Evol.
1998;47:394–405.
10. Collins AG. Evaluating multiple alternative hypotheses for the origin of
Bilateria: an analysis of 18S rRNA molecular evidence. Proc Natl Acad Sci
U S A. 1998;95:15458–63.
11. Dunn CW, Hejnol A, Matus DQ, Pang K, Browne WE, Smith SA, et al. Broad
phylogenomic sampling improves resolution of the animal tree of life.
Nature. 2008;452:745–9.
12. Hejnol A, Obst M, Stamatakis A, Ott M, Rouse GW, Edgecombe GD, et al.
Assessing the root of bilaterian animals with scalable phylogenomic
methods. Proc Biol Sci. 2009;276:4261–70.
13. Philippe H, Derelle R, Lopez P, Pick K, Borchiellini C, Boury-Esnault N, et al.
Phylogenomics revives traditional views on deep animal relationships.
Curr Biol. 2009;19:706–12.
14. Pick KS, Philippe H, Schreiber F, Erpenbeck D, Jackson DJ, Wrede P, et al.
Improved phylogenomic taxon sampling noticeably affects nonbilaterian
relationships. Mol Biol Evol. 2010;27:1983–7.
15. Nosenko T, Schreiber F, Adamska M, Adamski M, Eitel M, Hammel J, et al.
Deep metazoan phylogeny: when different genes tell different stories.
Mol Phylogenet Evol. 2013;67:223–33.
16. Roure B, Baurain D, Philippe H. Impact of missing data on phylogenies inferred
from empirical phylogenomic data sets. Mol Biol Evol. 2013;30:197–214.
17. Schierwater B, Eitel M, Jakob W, Osigus H-J, Hadrys H, Dellaporta SL, et al.
Concatenated analysis sheds light on early metazoan evolution and fuels a
modern “Urmetazoon” hypothesis. PLoS Biol. 2009;7:e1000020.
18. Dellaporta SL, Xu A, Sagasser S, Jakob W, Moreno MA, Buss LW, et al.
Mitochondrial genome of Trichoplax adhaerens supports Placozoa as the
basal lower metazoan phylum. Proc Natl Acad Sci U S A. 2006;103:8751–6.
19. Srivastava M, Begovic E, Chapman J, Putnam NH, Hellsten U, Kawashima T,
et al. The Trichoplax genome and the nature of placozoans. Nature.
2008;454:955–60.
20. Philippe H, Brinkmann H, Lavrov DV, Littlewood DTJ, Manuel M, Wörheide
G, et al. Resolving difficult phylogenetic questions: why more sequences are
not enough. PLoS Biol. 2011;9:e1000602.
21. Dunn CW. The root of the animal phylogeny. 2014. https://bitbucket.org/
caseywdunn/mnemiopsis_trees_2014. Accessed 10 Jan 2015.
22. Podar M, Haddock SHD, Sogin ML, Harbison GR. A molecular phylogenetic
framework for the phylum Ctenophora using 18S rRNA genes. Mol
Phylogenet Evol. 2001;21:218–30.
Jékely et al. EvoDevo 2015, 6:1 Page 8 of 8
http://www.evodevojournal.com/content/6/1/123. Ruiz-Trillo I, Riutort M, Littlewood DTJ, Herniou EA, Baguñá J. Acoel
flatworms: earliest extant bilaterian metazoans, not members of
Platyhelminthes. Science. 1999;283:1919–23.
24. Paps J, Baguñá J, Riutort M. Lophotrochozoa internal phylogeny: new
insights from an up-to-date analysis of nuclear ribosomal genes. Proc Biol
Sci. 2009;276:1245–54.
25. Aguinaldo AMA, Turbeville JM. Evidence for a clade of nematodes,
arthropods and other moulting animals. Nature. 1997;387:489.
26. Rokas A, Holland PWH. Rare genomic changes as a tool for phylogenetics.
Trends Ecol Evol. 2000;15:454–9.
27. Rosenfeld JA, DeSalle R. E value cutoff and eukaryotic genome content
phylogenetics. Mol Phylogenet Evol. 2012;63:342–50.
28. Mendivil Ramos O, Barker D, Ferrier DEK. Ghost loci imply Hox and ParaHox
existence in the last common ancestor of animals. Curr Biol. 2012;22:1951–6.
29. Thomson RC, Plachetzki DC, Mahler DL, Moore BR. A critical appraisal of the
use of microRNA data in phylogenetics. Proc Natl Acad Sci U S A. 2014;111:
E3659–68.
30. Fromm B, Worren MM, Hahn C, Hovig E, Bachmann L. Substantial loss of
conserved and gain of novel microRNA families in flatworms. Mol Biol Evol.
2013;30:2619–28.
31. Maxwell E, Ryan J, Schnitzler C, Browne W, Baxevanis A. MicroRNAs and
essential components of the microRNA processing machinery are not
encoded in the genome of the ctenophore Mnemiopsis leidyi. BMC
Genomics. 2012;13:714.
32. Grimson A, Srivastava M, Fahey B, Woodcroft BJ, Chiang HR, King N, et al.
Early origins and evolution of microRNAs and Piwi-interacting RNAs in
animals. Nature. 2008;455:1193–7.
33. Simionato E, Ledent V, Richards G, Thomas-Chollier M, Kerner P, Coornaert
D, et al. Origin and diversification of the basic helix-loop-helix gene family
in metazoans: insights from comparative genomics. BMC Evol Biol.
2007;7:33.
34. Anctil M. Cholinergic and monoaminergic mechanisms associated with
control of bioluminescence in the ctenophore Mnemiopsis leidyi. J Exp Biol.
1985;119:225–38.
35. Srivastava M, Simakov O, Chapman J, Fahey B, Gauthier MEA, Mitros T, et al.
The Amphimedon queenslandica genome and the evolution of animal
complexity. Nature. 2010;466:720–6.
36. Riesgo A, Farrar N, Windsor PJ, Giribet G, Leys SP. The analysis of eight
transcriptomes from all poriferan classes reveals surprising genetic
complexity in sponges. Mol Biol Evol. 2014;31:1102–20.
37. Jorgensen EM. Animal evolution: looking for the first nervous system. Curr
Biol. 2014;24:R655–8.
38. Elliott GRD, Leys SP. Evidence for glutamate, GABA and NO in coordinating
behaviour in the sponge, Ephydatia muelleri (Demospongiae, Spongillidae).
J Exp Biol. 2010;213:2310–21.
39. Nikitin M. Bioinformatic prediction of Trichoplax adhaerens regulatory
peptides. Gen Comp Endocrinol. 2014. doi:10.1016/j.ygcen.2014.03.049.
40. Jékely G. Global view of the evolution and diversity of metazoan
neuropeptide signaling. Proc Natl Acad Sci U S A. 2013;110:8702–7.
41. Collins III JJ, Hou X, Romanova EV, Lambrus BG, Miller CM, Saberi A, et al.
Genome-wide analyses reveal a role for peptide hormones in planarian
germline development. PLoS Biol. 2010;8:e1000509.
42. Smith CL, Varoqueaux F, Kittelmann M, Azzam RN, Cooper B, Winters CA,
et al. Novel cell types, neurosecretory cells, and body plan of the early-
diverging metazoan Trichoplax adhaerens. Curr Biol. 2014;24:1565–72.
43. Conzelmann M, Williams EA, Tunaru S, Randel N, Shahidi R, Asadulina A,
et al. Conserved MIP receptor–ligand pair regulates Platynereis larval
settlement. Proc Natl Acad Sci U S A. 2013;110:8224–9.
44. Golubovic A, Kuhn A, Williamson M, Kalbacher H, Holstein TW,
Grimmelikhuijzen CJP, et al. A peptide-gated ion channel from the fresh-
water polyp Hydra. J Biol Cherm. 2007;282:35098–103.
45. Dürrnagel S, Kuhn A, Tsiairis CD, Williamson M, Kalbacher H,
Grimmelikhuijzen CJP, et al. Three homologous subunits form a high affinity
peptide-gated ion channel in Hydra. J Biol Cherm. 2010;285:11958–65.
46. Lingueglia E, Champigny G, Lazdunski M, Barbry P. Cloning of the amiloride-
sensitive FMRFamide peptide-gated sodium channel. Nature. 1995;378:730–3.
47. Marlow H, Arendt D. Evolution: Ctenophore genomes and the origin of
neurons. Curr Biol. 2014;24:R757–61.
48. Takaku Y, Hwang JS, Wolf A, Böttger A, Shimizu H, David CN, et al. Innexin
gap junctions in nerve cells coordinate spontaneous contractile behavior in
Hydra polyps. Sci Rep. 2014;4:3573.49. Abascal F, Zardoya R. Evolutionary analyses of gap junction protein families.
Biochim Biophys Acta. 1828;2013:4–14.
50. Ovsepian SV, Vesselkin NP. Wiring prior to firing: the evolutionary rise of
electrical and chemical modes of synaptic transmission. Rev Neurosci.
2014;25:821–32.
51. Lehmann C, Lechner H, Löer B, Knieps M, Herrmann S, Famulok M, et al.
Heteromerization of innexin gap junction proteins regulates epithelial tissue
organization in Drosophila. Mol Biol Cell. 2006;17:1676–85.
52. Schnitzler C, Pang K, Powers M, Reitzel A, Ryan J, Simmons D, et al.
Genomic organization, evolution, and expression of photoprotein and opsin
genes in Mnemiopsis leidyi: a new view of ctenophore photocytes. BMC Biol.
2012;10:107.
53. Feuda R, Rota-Stabelli O, Oakley TH, Pisani D. The comb jelly opsins and the
origins of animal phototransduction. Genome Biol Evol. 2014;6:1964–71.
54. Kojima D, Terakita A, Ishikawa T, Tsukahara Y, Maeda A, Shichida Y. A novel
Go-mediated phototransduction cascade in scallop visual cells. J Biol Cherm.
1997;272:22979–82.
55. Arendt D, Tessmar-Raible K, Snyman H, Dorresteijn AW, Wittbrodt J. Ciliary
photoreceptors with a vertebrate-type opsin in an invertebrate brain.
Science. 2004;306:869–71.
56. Ryan JF. Did the ctenophore nervous system evolve independently?
Zoology. 2014;117:225–6.
57. Richards GS, Rentzsch F. Transgenic analysis of a SoxB gene reveals neural
progenitor cells in the cnidarian Nematostella vectensis. Development.
2014;141:4681–9.
58. Sinigaglia C, Busengdal H, Lerner A, Oliveri P, Rentzsch F. Molecular
characterization of the apical organ of the anthozoan Nematostella vectensis.
Dev Biol. doi:10.1016/j.ydbio.2014.11.019.
59. Kent ML, Andree KB, Bartholomew JL, El-Matbouli M, Desser SS, Devlin RH,
et al. Recent advances in our knowledge of the Myxozoa. J Eukaryot
Microbiol. 2001;48:395–413.
60. Høeg JT. The relation between cypris ultrastructure and metamorphosis in
male and female Sacculina carcini (Crustacea, Cirripedia). Zoomorphology.
1987;107:299–311.
61. Leys SP, Degnan BM. Cytological basis of photoresponsive behavior in a
sponge larva. Biol Bull (Woods Hole). 2001;201:323–38.
62. Jekely G, Colombelli J, Hausen H, Guy K, Stelzer E, Nedelec F, et al.
Mechanism of phototaxis in marine zooplankton. Nature. 2008;456:395–9.
63. Jékely G. Evolution of phototaxis. Phil Trans R Soc B. 2009;364:2795–808.
64. Mackie GO, Lawn ID. Pavans de Cecatty M. Studies on hexactinellid
sponges. II. Excitability, conduction and coordination of responses in
Rhabdocalyptus dawsoni (Lambe, 1873). Phil Trans R Soc Lond B.
1983;301:401–18.
65. Mackie GO, Singla CL. Studies on hexactinellid sponges. I. Histology of
Rhabdocalyptus dawsoni (Lambe, 1873). Phil Trans R Soc Lond B.
1983;301:365–400.
66. Leys SP, Mackie GO, Meech RW. Impulse conduction in a sponge. J Exp Biol.
1999;202:1139–50.
67. Ludeman D, Farrar N, Riesgo A, Paps J, Leys S. Evolutionary origins of
sensation in metazoans: functional evidence for a new sensory organ in
sponges. BMC Evol Biol. 2014;14:3.
68. Sperling EA, Vinther J. A placozoan affinity for Dickinsonia and the evolution
of late Proterozoic metazoan feeding modes. Evol Dev. 2010;12:201–9.
69. Ueda T, Koya S, Maruyama YK. Dynamic patterns in the locomotion and
feeding behaviors by the placozoan Trichoplax adhaerence. Biosystems.
1999;54:65–70.
70. Nielsen C. Animal evolution: interrelationships of the living phyla. 3rd ed.
Oxford: Oxford University Press; 2012.
71. Gehring WJ. The evolution of vision. Wiley Interdiscip Rev Dev Biol.
2014;3:1–40.
doi:10.1186/2041-9139-6-1
Cite this article as: Jékely et al.: The phylogenetic position of
ctenophores and the origin(s) of nervous systems. EvoDevo 2015 6:1.
